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ABSTRACT
The most common galaxy group finding algorithm, Friends-of-Friends (FoF), finds “settled” groups
that share a common dark matter halo but misses groups that are in earlier stages of formation and
have not yet merged halos. We present a new algorithm that is designed to find groups like the Local
Group that are gravitationally bound but do not yet share a common halo and are not identified as
FoF groups. We use escape velocity to test whether settled groups are bound to other nearby settled
groups (including “groups” of one solitary galaxy). We statistically correct for projection effects
present in observational data using mock catalogs containing simulated three-dimensional data. We
apply the boundness method to RESOLVE and ECO, two large volume-limited surveys of galaxies
in the local Universe. Using our boundness method increases the number of multiple galaxy systems
that are identified and decreases the number of single galaxy systems. We find evidence that the
bound systems we identify are truly groups in the early stages of formation, based on comparisons
of large scale environment and virialization state with settled groups. We identify “Local Group
analogues” that are similar to the real Local Group. We find 32 Local Group analogues in RESOLVE
and 229 in ECO. In RESOLVE and ECO, about 13% of all multiple-galaxy systems are Local Group
analogues and about 8% of all galaxies belong to a Local Group analogue. Local Group analogues are
among the most virialized systems found by the boundness method in RESOLVE and ECO, with a
median crossing time about three times shorter than other bound multi-group systems with similar
masses. To determine how well the boundness method finds systems like the Local Group, we identify
a population of Local Group analogues in the mock catalogs. FoF finds only 6% of the Local Group
analogues, whereas the boundness method finds 97%. We compare properties of different categories
of bound systems in RESOLVE and ECO, focusing on their evolutionary connection, and find that
gas content may be higher in small settled groups (FoF groups with halo mass < 1012M) than in
proto-groups (bound multi-group systems with system mass < 1012M) at fixed virialization state.
1. INTRODUCTION
The Milky Way and Andromeda, two giant galaxies in
the Local Group, currently reside in separate dark mat-
ter halos (Cox & Loeb 2008). Over the course of the
next several billion years, the halos of the Milky Way
and Andromeda will merge (van der Marel et al. 2012)
and the Local Group will become a “settled group” that
shares a single dark matter halo. Most group finders are
designed to find settled groups and do not find groups
like the Local Group. In this paper we present a group
finder that finds systems like the Local Group that are
not yet fully settled by testing for gravitational bound-
ness between neighboring settled groups (including soli-
tary galaxies, which we call “N = 1 groups”). This
group finder allows us to study how the properties of
galaxy groups change as groups evolve, and to identify
and study other groups like our own in the Universe.
In order to study galaxy groups in different stages of
formation, including Local Group (LG) analogues, we
need to be able to identify both groups in the early
stages of formation and settled groups. Friends-of-
Friends (FoF) is a commonly used group finder that
can be calibrated, as in Duarte & Mamon (2014) and
Berlind et al. (2006), to find settled groups. The algo-
rithm groups galaxies based on proximity using linking
lengths in the on-sky and line-of-sight directions to join
galaxies into groups if they are near enough (Huchra &
Geller 1982). FoF is widely used because it is relatively
simple and recovers groups in a single shared halo fairly
well (Old et al. 2014), although it does tend to overes-
timate membership in small groups and underestimate
membership in large groups (Stothert et al. 2019).
While FoF does sometimes mistakenly join together
nearby small groups that do not share a common halo,
it is not designed to find groups like the Local Group
that are gravitationally bound but do not yet share a
common dark matter halo. To study groups in the early
stages of formation, we must depend on other group
finders. Kourkchi & Tully (2017) identified galaxy “as-
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sociations” consisting of galaxies within a sphere of high
enough density to have decoupled from cosmic expansion
but not close enough to have fully settled. Tempel et al.
(2017) identified potentially merging groups by search-
ing for neighboring settled groups whose group centers
were closer than the sum of the two groups’ virial radii.
Their criteria for classifying merging groups were fairly
restrictive, and they classified only about 0.6% of groups
with more than two members as potentially merging.
Leong & Saslaw (2004) used simulations to predict how
common groups like the Local Group are, and predicted
that at least 10% of galaxies belong to a loosely clus-
tered group like the Local Group that is gravitationally
bound but not virialized.
We present a new algorithm that finds groups in the
early stages of formation by testing for gravitational
boundness between neighboring settled groups (includ-
ing N = 1 groups). Our algorithm finds bound multi-
group systems that, like the associations in Kourkchi &
Tully (2017) and the potentially merging groups in Tem-
pel et al. (2017), consist of multiple dark matter halos
that are likely to merge into a single halo over time. Our
boundness criterion does not necessarily require that
neighboring groups be close enough for their radii to
overlap, making our algorithm inclusive of more groups
in the early stages of formation than the method of Tem-
pel et al. (2017). Our algorithm should find a population
similar to the associations of Kourkchi & Tully (2017),
although their method for finding associations does not
explicitly test for gravitational boundness.
Previous work has found that groups in the early
stages of formation exhibit different evolutionary and
virialization state metrics compared to settled groups.
Rood & Dickel (1978) and Ferguson & Sandage (1990)
classify samples of galaxy groups as gravitationally
bound based on their velocity dispersions and group
crossing times, which are both measures of virialization
state. They both find that all of the galaxy groups in
their samples (92 groups in Rood & Dickel 1978 and five
groups in Ferguson & Sandage 1990) are gravitationally
bound based on these metrics. Firth et al. (2006) use
these same metrics, and also include measures of com-
pactness and substructure (Dressler & Shectman 1988)
to classify groups as “loose” or “compact,” finding that
in their sample of six groups, three were loose and three
were compact. We will expand on these studies of evo-
lutionary and virialization state metrics using a large,
complete sample of groups that is representative of the
local Universe. Our new method enables the comparison
of evolutionary and virialization state metrics, as well as
galaxy and group properties, between settled groups and
groups in the early stages of formation.
Identifying groups in the early stages of formation
allows for the identification of Local Group (LG) ana-
logues, which can be used to study how groups like our
own compare to other types of groups in the Universe.
LG analogues consist of two giant galaxies, analogues
for the Milky Way (MW) and Andromeda (M31), and
their satellites. There are four criteria used to identify
LG analogues in simulations: the masses, separation,
and relative radial velocity of the two giant galaxies,
and the isolation of the LG analogue from other nearby
giant galaxies (Fattahi et al. 2016; Zhai et al. 2020; Car-
lesi et al. 2019; Li & White 2008; Garrison-Kimmel et al.
2019). Our new method enables the identification and
study of LG analogues, providing context on how com-
mon a group environment like that of the Milky Way is
in the Universe.
The group environment in which a galaxy resides af-
fects the galaxy’s properties and evolution by regulating
the amount of gas available for star formation, making
the identification and study of groups vital for a full
understanding of galaxy evolution. There are several
important halo mass scales that mark transitions in the
availability of cold gas that galaxies use to form stars.
Below the “gas-richness threshold” scale at a halo mass
of about 1011.5 M, cold flows of gas supply galaxies
with fuel for star formation (Kannappan et al. 2013).
Theoretical studies (e.g., Dekel & Birnboim 2006) pre-
dict shock heating of halo gas to the virial tempera-
ture of the halo starting in the center of the halo at
the gas-richness threshold scale and continuing out to
the virial radius by the “bimodality” halo mass scale of
about 1012 M. The halo mass range between the gas-
richness threshold scale and the bimodality scale repre-
sent a key transition in the mode of gas accretion that
affects galaxy evolution by halting cold flows of gas that
would fuel star formation.
Interactions within groups also play an important role
in regulating the amount of gas available for star for-
mation. Galaxies in halos with mass above about 1012
Mare subject to removal of gas by ram pressure strip-
ping (Gunn 1972; Abadi et al. 1999; Spekkens et al.
2014). Tidal interactions between galaxies in a group
can take many forms that can lead to gas being removed
from or accreted onto galaxies (Rasmussen et al. 2012;
Larson et al. 1980; Joseph & Wright 1985). The impor-
tance of group environment, and especially group halo
mass, in determining the gas content of galaxies moti-
vates our study of groups in the early stages of formation
that do not yet share a common dark matter halo.
Section 2 describes the data sets we used and why
they are suitable for group finding work. Section 3 de-
tails how our method tests for gravitational boundness,
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and how we correct for projection effects that arise from
using observational data with projected quantities. Sec-
tion 4 discusses evidence bearing on whether the bound
multi-group systems we identify really are groups in the
early stages of formation, and includes comparisons of
evolutionary and virialization state metrics. We also
identify and study a population of Local Group ana-
logues. Section 5 compares our catalog of bound multi-
group systems to previous work. Section 6 summarizes
our conclusions.
2. DATA
2.1. RESOLVE and ECO
The REsolved Spectroscopy of a Local VolumE (RE-
SOLVE, Kannappan & Wei 2008) and the Environmen-
tal COntext Catalog (ECO, Moffett et al. 2015) are
two highly-complete, volume-limited surveys of the lo-
cal Universe. Volume-limited surveys that are complete
down to an absolute magnitude floor within the sur-
vey volume are ideal for identifying and studying galaxy
groups because they eliminate selection bias towards
bright, massive galaxies, allowing us to identify samples
of groups that accurately reflect the real population of
groups in the Universe. We can also use volume-limited
surveys to study large scale structure in the cosmic web
by looking at group properties as a function of environ-
ment without relying on statistical completeness correc-
tions. RESOLVE and ECO are both complete down to
the gas-rich dwarf galaxy regime, enabling statistically
unbiased studies of small groups that would be impos-
sible in a flux-limited survey.
RESOLVE contains > 1500 galaxies in two equatorial
footprints (the A-semester with RA from 8.75-15.75 hr,
Dec from 0 to +5 degrees and the B-semester with RA
from 22-3 hr, Dec -1.25 to +1.25 degrees) at redshifts be-
tween 4500 - 7000 km s−1, encompassing a total volume
of ∼52,000 Mpc3. RESOLVE-A is complete down to an
r -band absolute magnitude Mr = −17.33 mag floor, and
is complete down to a baryonic (stellar + atomic gas)
mass of approximately 109.3 M. RESOLVE-B over-
laps with the deeply imaged SDSS Stripe-82 region, and
is thus complete to a slightly dimmer absolute magni-
tude floor of Mr = −17, and a baryonic mass complete-
ness limit of approximately 109.1 M(Eckert et al. 2016).
RESOLVE has a complete Hi gas census (Stark et al.
2016), enabling a reliable study of the gas content of the
groups we identify.
ECO is an archival survey that encompasses
RESOLVE-A in an approximately 10 times larger vol-
ume, providing a large dataset ideal for studies of large-
scale environment and for calibration of cosmic variance.
ECO is less complete than RESOLVE, with a magnitude
floor of Mr = −17.33, and combines Hi observations
from the RESOLVE-A and ALFALFA-40 surveys, rely-
ing on photometric gas fractions to estimate gas masses
for galaxies with no observations (Eckert et al. 2015).
We also use additional Hi data from a new cross-match
by Zackary Hutchens with ALFALFA-100 to increase the
number of Hi observations for our gas content analysis.
ECO contains approximately 10,000 galaxies at redshifts
between 3000 - 7000 km s−1 within a survey volume of
∼600,000 Mpc3.
RESOLVE and ECO both contain a redshift buffer
of 470 km s−1 to mitigate edge effects in group finding
and environmental metrics. Settled group membership
in RESOLVE and ECO is determined with FoF (Eckert
et al. 2017). Halo Abundance Matching (HAM, Blan-
ton & Berlind 2007) is used to estimate halo masses of
settled groups from group-integrated luminosity, assum-
ing zero scatter in the relation between a group’s halo
mass and total luminosity (Eckert et al. 2016). Unless
otherwise noted, we use a combined sample of ECO and
RESOLVE-B for our analyses.
2.2. Mock Catalog
We use mock catalogs of galaxies to test and cali-
brate our method using simulated three-dimensional in-
formation of dark matter, distances, and peculiar veloc-
ities. Our mock catalogs were created by A. Berlind,
V. Calderon, and M. Asad. The mocks are built on an
N-body simulation, similar to simulations used in Mof-
fett et al. (2015) and Stark et al. (2016) but with some
modifications that will be described in a future work.
Galaxies are populated into dark matter halos to match
the conditional luminosity function of ECO. Mock cat-
alogs with the same volume and shape as ECO are cre-
ated by defining subvolumes relative to a hypothetical
observer. The galaxies are assigned observed quantities
such as RA, declination, and redshift so that the mock
catalogs contain both three-dimensional information as
well as two-dimensional projected quantities that mimic
what we would observe.
We consider a “true group” to be a group of galaxies
known to share a common dark matter halo in the sim-
ulation with a corresponding true halo mass determined
by summing up the dark matter mass within the halo
volume in the simulation. To construct observational
FoF groups from the mocks, we perform FoF group find-
ing, matching the original linking lengths used for ECO
in Eckert et al. (2016). FoF attempts to recover the
true halo groups but does so imperfectly. Halo masses
are assigned to FoF groups using HAM. We use the
mock catalogs to statistically correct the projection ef-
fects that arise from applying our boundness method to
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Figure 1: Conditional probability plots showing, for every FoF group in ECO and the mock catalogs as a function of
HAM halo mass: (top) the distribution of relative velocity between the group central (galaxy with brightest absolute
r -band magnitude) and each satellite in the group and (bottom) the distribution of radial projected distance from
group central to each satellite in the group, with 10th, 50th, and 90th percentile relative velocities and distances in
each halo mass bin marked. Both the radial and relative velocity distributions are very similar between ECO and the
mock catalog.
real data, so it is important that the group finding in
the mock catalogs function similarly to group finding in
real data. Because the mock catalogs have the same di-
mensions and conditional luminosity function as ECO,
we can define a magnitude floor of Mr = −17.33 to
create a volume-limited survey with completeness simi-
lar to ECO. Figure 1 shows that the radial and velocity
distributions of satellites within FoF groups in ECO and
in the mock catalogs are similar.
3. METHODS
3.1. The Boundness Method
3.1.1. Description of the Boundness Method
The boundness method requires a catalog of settled
groups (groups that share a common dark matter halo)
identified with a method such as FoF. Each settled group
in the group catalog, including N = 1 groups, is tested
for gravitational boundness to its nearest neighbor set-
tled group. For the purpose of testing for gravitational
boundness, each settled group is treated as a point par-
ticle located at the arithmetic group center (the RA,
Dec, and redshift coordinates of a group center are the
mean RA, Dec, and redshift of all group members). For
a given settled group (the “chosen group”), we use a K-
D Tree nearest neighbor search (Bentley 1975) to find
the closest settled group in the survey (the “neighbor
group”). We calculate the escape velocity from the cho-








Figure 2: Two nearest neighbor FoF groups, labelled
with different colors, with the mass of the chosen group
and the projected distance between the group centers
needed to calculate the 2D escape velocity labelled.
where Rgrp−grp (3D) is the 3D distance between the cen-
ters of the chosen group and neighbor group and M is









An example of two nearest neighbor settled groups with
the quantities used for calculating escape velocity la-
belled is shown in Figure 2. We compare the escape
velocity from the nearest neighbor group to the relative
velocity between the chosen group and neighbor group,
vgrp−grp (3D). The chosen group and neighbor group are
considered to be bound if vgrp−grp (3D) < vescape. If a set-
tled group is found to be bound to its nearest neighbor
group, it will be tested for gravitational boundness to
its next nearest neighbor settled group until the bound-
ness test finds no more gravitationally-bound neighbor
groups. When multiple settled groups are bound to one
another, they become classified as a bound multi-group
system.
3.1.2. Projection Effect Corrections
Observational data can only tell us line-of-sight pro-
jected relative velocity between groups, vgrp−grp (LOS) =
|czmean, chosen group − czmean, neighbor group| and on-sky
projected Rgrp−grp (2D) calculated with the Haver-
sine formula (Gade 2010). Using the on-sky pro-
jected Rgrp−grp (2D) and the line-of-sight projected
vgrp−grp (LOS) gives rise to projection effects that cause a
falsely large number of settled groups to be classified as
gravitationally bound to their nearest neighbor group
by the boundness method. To correct for these pro-
jection effects we use the mock catalogs, which contain
three-dimensional true distances and velocities as well as
projected distances and velocities that simulate what we
would observe. For each pair of nearest neighbor settled
groups in the mock catalogs, we calculate both the ob-
served and true vgrp−grp and Rgrp−grp. We then create
distributions of the ratios vgrp−grp (3D) / vgrp−grp (LOS)
and Rgrp−grp (3D) / Rgrp−grp (2D) (shown in Figure 3).
We have tested these distributions for dependence on
halo mass and group multiplicity, and find them to
be universal (Figure 4). For each pair of nearby set-
tled groups in RESOLVE and ECO, we multiply the
ratio distributions by the calculated vgrp−grp (LOS) and
Rgrp−grp (2D) respectively for that pair of neighbor-
ing settled groups to obtain distributions of possible
vgrp−grp (3D) and Rgrp−grp (3D) values. We use the dis-
tribution of Rgrp−grp (3D) values to calculate a distribu-
tion of possible escape velocities using Equation 1. We
calculate the probability that the pair is gravitationally
bound using Monte Carlo sampling with 10,000 sam-
ples each from the vesc and vgrp−grp distributions. We
compare each pair of samples, and calculate the proba-
bility of boundness as the fraction of all samples where
vescape > vgrp−grp. In order for settled groups to be con-
sidered part of the same bound multi-group system, the
probability that they are bound must exceed 90%. We
tested a range of probability thresholds, and chose a 90%
threshold because the resulting catalog of bound multi-
group systems is most similar to the catalog of bound
multi-group systems resulting from 3D boundness test-
ing in the mock catalogs.
3.1.3. Purity and Completeness of Bound Multi-group
Systems
Figure 5 shows that our method successfully corrects
for projection effects in the frequency distribution of
group N (multiplicity function) for the mock catalogs.
A two-sample Kolmogorov-Smirnov test (Hodges 1958)
comparing the multiplicity functions of 3D bound sys-
tems and 2D bound systems with projection effect cor-
rections gives a p-value of 0.43, indicating that the two
multiplicity functions are very similar and the statistical
correction of projection effects is successful. Using the
vgrp−grp (3D) and Rgrp−grp (3D) distributions to correct
for projection effects enables the statistical correction
of the overall number and sizes of bound multi-group
systems, which Figure 5 shows is successful, but it does
not ensure that each individual group that is tested for
boundness will be classified correctly, since some groups’
true vgrp−grp (3D) and Rgrp−grp (3D) will be outliers in
the distribution of possible values. To study how often
individual groups are incorrectly classified using 2D ob-
servational data with projection effect corrections, we
use the mocks to compare the constituent FoF groups
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Figure 3: Distributions of Rgrp−grp (3D) / Rgrp−grp (2D) and vgrp−grp (3D) / vgrp−grp (LOS) for every pair of nearest
neighbor settled groups in the mock catalogs. These distributions are used to statistically correct for projection effects
in observational data.
Figure 4: Scatter plots with conditional probabilities of 50%, 84%, and 97.5% over-plotted of ratios
Rgrp−grp (3D) / Rgrp−grp (2D) and vgrp−grp (3D) / vgrp−grp (LOS) plotted against group halo mass and group multiplic-
ity for FoF groups in the mock catalogs. Since the ratios are constant with respect to group multiplicity and halo
mass, we use the entire distribution to correct for projection effects.
contained in each bound multi-group system identified
using 2D vs. 3D data. We find that 86% of all bound
multi-group systems identified using 2D data contain
exactly the same FoF groups as a bound multi-group
system identified using 3D data, meaning that the true
(3D) bound multi-group system is successfully recovered
when observational data with projection effect correc-
tions are used to test for boundness. The remaining
14% of bound multi-group systems identified using 2D
data do not match the true (3D) bound multi-group sys-
tem, and either contain interloper settled groups or are
missing settled groups that are truly part of the bound
multi-group system. This is an improvement over per-
forming boundness testing using 2D data without pro-
jection effect corrections, where 66% of 2D-identified
bound multi-group systems are true bound multi-group
systems and the remaining 34% contain interlopers or
are incomplete. We find high completeness of bound
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Figure 5: Frequency distributions of group N (mul-
tiplicity functions) for bound systems (FoF groups +
bound multi-group systems) resulting from boundness
testing applied to 3D data and 2D simulated observa-
tional data in the mock with and without projection
effect corrections. Eleven systems with more than 40
galaxies are excluded in this figure for ease of visual
comparison between multiplicity functions. Boundness
testing on 3D data is free from projection effects. The
similarity of the blue and red histograms (two-sample
Kolmogorov-Smirnov test p-value = 0.43) shows that
our method is successful in correcting for projection ef-
fects in the multiplicity function of bound systems.
multi-group systems identified with 2D data — 90% of
true (3D) bound multi-group systems are also identified
using 2D data. Although correcting for projection ef-
fects does improve the accuracy of individual groups’
classifications as part of bound multi-group systems,
about 14% of bound multi-group systems are still classi-
fied erroneously due to projection effects, and studying
a very small sample of bound multi-group systems could
lead to false conclusions even though the overall agree-
ment between the populations of bound systems using
2D projection effect-corrected data and 3D data is very
good.
The boundness method relies on a catalog of settled
groups as basis for testing for gravitational boundness.
Ideally, each settled group consists of all of the galaxies
that share a single dark matter halo. However, since
it is impossible to directly observe which galaxies share
a common halo, we rely on FoF to find settled groups.
FoF does an imperfect job of recovering true halo groups
(Stothert et al. 2019), and the boundness method inher-
its these group-finding errors when it tests nearby settled
groups for gravitational boundness. We use the mock
catalogs, which contain dark matter information that al-
Figure 6: Comparison of the multiplicity functions of
bound systems (settled groups + bound multi-group sys-
tems) resulting from using the FoF group catalog vs.
true halo groups to identify bound multi-group systems
using three-dimensional quantities in the mock catalog.
A two-sample Kolmogorov-Smirnov test gives a p-value
of 0.08. Eleven systems with more than 40 galaxies are
excluded for ease of visual comparison between multi-
plicity functions.
lows us to use true halo groups as the basis for boundness
testing, to examine the effects of FoF’s group-finding
errors on the final catalog of groups and bound multi-
group systems. Figure 6 shows a comparison of the mul-
tiplicity functions of bound systems (settled groups +
bound multi-group systems identified with 3D informa-
tion) based on a settled group catalog found with FoF
and a settled group catalog of the true halo groups in the
mock catalogs. A two-sample Kolmogorov-Smirnov test
shows that the two distributions are statistically simi-
lar, so the group finding errors inherited from FoF do
not significantly affect the catalog of bound multi-group
systems.
3.1.4. Bound System Definitions
We categorize groups and bound multi-group systems
based on boundness and halo or system mass. For
a bound multi-group system, the system mass is the
sum of the halo masses of all of the settled groups in
the bound multi-group system. We divide categories of
groups and bound multi-group systems by halo or sys-
tem mass at the bimodality scale of 1012 M, the halo
mass at which halo gas is heated out to the virial ra-
dius, shutting off cold flows of gas that would fuel star
formation (Dekel & Birnboim 2006).
With the understanding that a settled group is a FoF
group consisting of a single galaxy or multiple galaxies,
8
we use the following definitions to classify our settled
groups and bound multi-group systems.
• Small settled group: a settled group of one or more
galaxies with a halo mass of less than 1012 M.
• Large settled group: a settled group of one or more
galaxies with a halo mass of greater than 1012 M.
An example of a large settled group is shown in
panel (a) of Figure 7.
• Proto-group (small bound multi-group system):
a bound multi-group system with a total system
mass of less than 1012 M. An example of a proto-
group is shown in panel (b) of Figure 7.
• Large bound multi-group system: a bound multi-
group system with a total system mass of greater
than 1012 M. An example of a large bound multi-
group system is shown in panel (c) of Figure 7.
3.2. Local Group Analogues
3.2.1. Selection Criteria for Local Group Analogues
We identify Local Group analogues as a subset of
bound multi-group systems, based on criteria used to
find LG analogues in previous papers outlined in Ta-
ble 1. All of the papers listed in Table 1 identified LG
analogues in simulations. Each of our LG analogues con-
tains two giant galaxies: a MW analogue and an M31
analogue, and the satellites associated with the giant
galaxies by FoF. We tested several different combina-
tions of selection criteria for LG analogues from Table
1, and settled on using the mass and separation con-
straints used by Carlesi et al. (2019) so that the sam-
ples of LG analogues in RESOLVE and ECO would be
large enough for statistical comparisons. Following Car-
lesi et al. (2019), we impose a set of three mass con-
straints: the MW and M31 analogues must each have a
halo mass of greater than 5×1011 M/h, their combined
halo mass must be less than 5×1012 M/h, and the halo
mass of the M31 analogue must be no more than three
times greater than the halo mass of the MW analogue.
We also use the separation constraint from Carlesi et al.
(2019) that the MW and M31 analogues must be sepa-
rated by between 0.35 and 1.25 Mpc/h. When identify-
ing Local Group analogues using observational data, we
use the distribution of Rgrp−grp (3D) / Rgrp−grp (2D) ob-
tained from the mock catalogs to correct for projection
effects in the distance calculation. We multiply the pro-
jected distance between the MW and M31 analogues by
the Rgrp−grp (3D) /Rgrp−grp (2D) distribution to obtain a
distribution of possible 3D separations, and require that
Figure 7: Plots showing how (a) a large settled group,
(b) a proto-group, and (c) a large bound multi-group
system in RESOLVE appear projected on the sky. The
points represent galaxies and are color coded by the FoF
group that they belong to. The circles show the virial
radius of each FoF group, which represents the extent of
the group’s dark matter halo (see Equation 3). Red line
at top of sky plot is scale bar showing 1 Mpc projected
onto the sky.
the median of that distribution be between 0.35 and 1.25
Mpc/h. We use h = 0.7.
To ensure that the Local Group analogue is isolated
and physically associated, we use the boundness method
instead of the isolation and velocity constraints used in
previous work. We require that the MW and M31 ana-
logue halos be gravitationally bound to each other, and
that neither are gravitationally bound to a third mas-
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sive group with halo mass greater than 1011.5M, the
gas-richness threshold halo mass that we define as the
dwarf-giant divide (Kannappan et al. 2013; Eckert et al.
2016). By requiring that the two halos in the Local
Group analogue are bound to each other and that nei-
ther are bound to any third giant halo, we ensure that
the Local Group analogue is gravitationally bound and
evolving without the influence of other large groups or
clusters, accomplishing the same goal as the velocity and
isolation constraints used in previous work.
3.2.2. Purity and Completeness of Local Group Analogues
We identify two separate populations of LG analogues
in the mock catalogs: a “true” population using three-
dimensional data and an “observational” population
identified using projection effect-corrected simulated ob-
servational data. We compare these two populations to
gain an understanding of how severely projection effects
distort the true population of LG analogues. Projection
effects factor into three steps in our identification of LG
analogues: the calculation of the distance between the
MW and M31 analogues to determine if the pair meets
the separation criterion, the determination of whether
the MW and M31 analogues are gravitationally bound
to one another, and the determination of whether the
MW or M31 analogues are bound to any other massive
galaxies to test whether the pair meets the isolation cri-
terion. To assess both the completeness and purity of
the simulated observational LG analogues relative to the
true LG analogues, we have tested whether each true LG
analogue was also identified as a LG analogue using ob-
servational quantities and vice versa. We find high com-
pleteness: 89% of all true LG analogues are also iden-
tified as observational LG analogues. However, we find
lower purity: within the population of observational LG
analogues, the percentage of true LG analogues is 73%,
and the remaining 27% of observational LG analogues
are spurious.
3.2.3. The Boundness Method Applied to Local Group
Analogues
To ascertain how well the boundness method finds
groups like the Local Group when applied to real data,
we tested whether each true Local Group analogue iden-
tified using 3D data in the mock catalogs is classi-
fied as a bound multi-group system by the boundness
method. Using the simulated observational data avail-
able in the mock catalogs, we find that 97% of all true
Local Group analogues based on 3D data are classified
as bound multi-group systems by the boundness method
using projection effect-corrected simulated observational
quantities. FoF, which identifies settled groups in the
mock catalogs using observational quantities, identifies
∼6% of all true Local Group analogues in the mock cat-
alogs as a settled group. Since the FoF linking lengths
used in the mock catalogs are calibrated to optimally
recover groups that share a common dark matter halo,
it is not surprising that few FoF groups qualify as Lo-
cal Group analogues. Our findings in the mock catalogs
confirm that the boundness method succeeds in finding
groups like our own Local Group that are in early for-
mation stages.
4. RESULTS
4.1. Overview of Bound Multi-group Systems in
RESOLVE and ECO
Comparisons between the catalog of settled groups be-
fore boundness testing and the catalog of bound systems
after boundness testing help us understand how common
bound multi-group systems are, and how their proper-
ties differ from those of settled groups. The frequency
of each type of group or system, and the percentage of
galaxies that belong to each type of group or system be-
fore and after boundness testing in a combined sample
of RESOLVE-B and ECO is shown in Figure 8. When
boundness testing is performed, the number of N = 1
groups decreases, illustrating that many galaxies that
reside in their own halos are gravitationally bound in
proto-groups or large bound multi-group systems. After
boundness testing in ECO, 21% of galaxies are mem-
bers of a bound multi-group system, 30% of galaxies
are members of a multiple-member settled group, and
49% of galaxies is an N = 1 group. A summary of the
number and frequency of each type of bound system in
RESOLVE and ECO after boundness testing is shown
in Table 2.
Figure 9 shows comparisons of the multiplicity func-
tion (panel a) and system mass function (panel b) be-
fore and after boundness testing in RESOLVE and in
ECO (with the RESOLVE-A sub-volume removed). The
multiplicity functions show a decrease in the number of
N = 1 groups and an increase in the number of multiple-
galaxy systems of every size when boundness testing is
performed. The system mass functions of groups and
systems show a similar result; the number of low-mass
systems (group or system mass below ∼ 1011.5M) de-
creases and the number of high-mass systems increases
after boundness testing.
4.2. Does the Boundness Method Find Groups in Early
Formation Stages?
Comparisons of group and system properties and en-
vironments are necessary to test whether the bound-
ness method succeeds in identifying systems that could








No constraint 0.5 - 1 Mpc • No cluster with
Mvir > 3 × 1013M within 3
Mpc
• No galaxy with max.






• Halo mass of each giant
galaxy > 0.5 × 1012M/h
• Total halo mass of pair
< 5 × 1012M/h




No third halo of mass






• Stellar mass 4 × 1010 -
8 × 1010 Mfor MW analogue
• Stellar mass 8 × 1010 -
1.3 × 1011 Mfor M31
analogue
0.6 - 1 Mpc No third halo of mass




-190 and -135 km/s
Fattahi et al
2015
Total halo mass of pair in the
range 1.6 × 1012 - 3.4 × 1012
M
0.6 - 1 Mpc No constraint Negative radial
velocity between




Halo mass of each giant galaxy
1 × 1012 - 2 × 1012 M
0.84 -0.92 Mpc No constraint Negative radial
velocity between
-107 and -93 km/s
Table 1: Criteria used to define Local Group analogues in simulations in previous work.
RESOLVE
# (%) of bound systems
ECO
# (%) of bound systems
RESOLVE
# (%) of galaxies
ECO
# (%) of galaxies
Singles 694 (75%) 6270 (77%) 694 (48%) 6270 (49%)
N>1 Small Settled Groups 91 (11%) 842 (10%) 208 (14%) 1900 (15%)
N>1 Large Settled Groups 49 (5%) 427 (5%) 176 (12%) 1863 (15%)
Proto-groups 40 (4%) 311 (4%) 101 (7%) 787 (6%)
Large Bound Multi-group
Systems
930 (5%) 303 (4%) 256 (18%) 1878 (15%)
Table 2: Table showing how common each type of bound system is in RESOLVE and ECO after boundness testing.
The number of each type of system, the percentage of each type of system among all systems, the number of galaxies
that are members of each type of system, and the percentage of all galaxies that are members of each type of system
in both RESOLVE and ECO are shown.
monly the virial radii of settled groups within bound
multi-group systems overlap, use the Anderson-Darling
test and group crossing time to compare the virializa-
tion states of bound multi-group systems and settled
groups, and compare the local environments in which
proto-groups and small settled groups reside.
4.2.1. Halo Overlap in Bound Multi-group Systems
To get a sense of whether our bound multi-group sys-
tems are already physically interacting systems, we cal-
culate whether the virial radii of the constituent set-
tled groups that make up bound multi-group systems
are overlapping, similar to the Tempel et al. (2017) test
for merging groups. A group’s virial radius is an approx-
imation of the extent of the group’s dark matter halo,







where Mh is the halo mass of the settled group (be-
fore calculating the virial radius we convert all halo
masses to M337b, the mass contained within a region
337 times the background density of the Universe, from
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Figure 8: Pie charts showing (a) the frequency of each type of settled group among all settled groups before boundness
testing, (b) the frequency of each type of bound system among all bound systems after boundness testing, (c) the
percent of all galaxies that belong to each type of settled group before boundness testing, and (d) the percent of
all galaxies that belong to each type of bound system after boundness testing in a combined sample of ECO and
RESOLVE-B.
M280b in RESOLVE and ECO and M200b in the mock
catalogs using the method of Hu & Kravtsov 2003),
∆mean is the overdensity threshold above the mean
background density of the Universe that is used to define
a group’s dark matter halo (for virial radius calculations,
we use ∆mean = 337 following Bryan & Norman 1998),
Ωm = 0.3 is the matter density of the Universe, and
ρc = 2.77 × 1011 h2 M/Mpc3 is the critical density
of the Universe. We calculate whether the virial radii
of two nearby FoF groups in RESOLVE or ECO are
overlapping by comparing the sum of the two groups’
virial radii to the distance between the group centers
(the projected distance that has been corrected for pro-
jection effects using the median of the distribution of
Rgrp−grp (3D) / Rgrp−grp (2D) values). We do not test for
overlap along the line-of-sight direction. If the distance
between the group centers is smaller than the groups’
combined virial radii, then we conclude that the virial
radii of the two groups are overlapping, and their halos
may be interacting. The percentage of bound multi-
group systems containing FoF groups with overlapping
virial radii is 18% of all bound multi-group systems in
RESOLVE and 22% in ECO. Figure 10 shows two ex-
amples of bound multi-group systems in RESOLVE that
contain overlapping virial radii. We also test for on-sky
halo overlap in the mock catalogs, where we find that
the percentage of bound multi-group systems containing
FoF groups with overlapping virial radii is 21%, closely
agreeing with the observational values from RESOLVE
and ECO.
4.2.2. Anderson-Darling Test for Bound Multi-group
Systems and Settled Groups
We use the Anderson-Darling test to quantify the viri-
alization state of settled groups and bound multi-group
systems. The Anderson-Darling test assesses the nor-
mality of a group’s velocity distribution. The closer to
normal a group’s velocity distribution is, the more viri-
alized, or settled into equilibrium, the group is. We
12
Figure 9: RESOLVE and ECO (minus RESOLVE-A) multiplicity and system mass functions before boundness testing
(FoF groups) and after boundness testing (FoF groups including N = 1 groups + bound multi-group systems). (a)
System mass function of groups (HAM halo mass) and bound systems (sum of HAM halo masses) before and after
boundness testing. (b) Multiplicity function of groups and bound systems before and after boundness testing. One
bound multi-group system in RESOLVE and 14 in ECO with more than 30 galaxies are excluded for ease of visual
comparison.
follow the method described by Hou et al. (2009) for
conducting the Anderson-Darling test and calculating
an α value for each group that represents the probabil-
ity that the group’s velocity distribution follows a nor-
mal distribution (although α values can exceed 1). The
Anderson-Darling test can be done for groups with more
than 5 member galaxies. The results of the Anderson-
Darling test for every N > 5 settled group and bound
multi-group system in ECO and RESOLVE-B is shown
in Figure 11.
The distribution of α values for bound multi-group
systems has smaller peak and median α values than the
distribution for settled groups. This result suggests that
bound multi-group systems are less virialized than set-
tled groups at 2.5σ confidence, which aligns with what
we would expect for groups in the early stages of forma-
tion. It is interesting to note that while bound multi-
group systems are on average less virialized than settled
groups, most still fall above the threshold for being viri-
alized set by Hou et al. (2009) of α = 0.05. This suggests
that bound multi-group systems, although not as settled
into equilibrium as settled groups, have still reached a
partially virialized stage of evolution.
4.2.3. Group Crossing Time of Proto-groups and Small
Settled Groups
The Anderson-Darling test is one way of measuring
the virialization state of groups, but the test can only
be performed for groups with N > 5 members and so
is not ideal for studying small groups like proto-groups
and small settled groups. For these smaller systems we
use group crossing time instead. The crossing time of
a group is the time it would take a member galaxy to
cross the length of the group. Groups with smaller cross-
ing times are more virialized than groups with longer
crossing times. To calculate the crossing times of proto-
groups and small settled groups, we follow the method





where 〈r〉 is the average projected distance of group
members from the group’s center of mass and 〈|v|〉 is the
average speed of group members relative to the group
center of mass.
Figure 12 compares the distributions of crossing times
for proto-groups and small settled groups, showing that
proto-groups have overall higher crossing times, which
is as we would expect since higher crossing times indi-
cate that groups are less virialized. The median crossing
time for proto-groups is about 100 times longer than the
median crossing time for small settled groups (108 Gyr
for proto-groups vs. 1.2 Gyr for small settled groups).
Although many proto-groups appear far from virializa-
tion, with crossing times much greater than the age of
the Universe, there is some overlap between the distri-
butions for the two types of groups because the cross-
ing times vary over many orders of magnitude. Proto-
groups and small settled groups contain a wide range of
different virialization states. We find that 21% of proto-
groups and 95% of small settled groups have crossing
times less than the age of the Universe. Of the proto-
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Figure 10: Plots showing the projected positions of
galaxies in bound multi-group systems and the virial
radii of the constituent FoF groups. (a) A proto-group
containing overlapping virial radii, (b) A large bound
multi-group system with virial radii overlapping, sug-
gesting interacting dark matter halos. Both groups are
in the RESOLVE survey. Red line at top of sky plot is
scale bar showing 1 Mpc projected onto the sky.
groups with crossing time less than the age of the Uni-
verse, 55% also contain overlapping dark matter halos
according to the method from Section 4.2.1, so these
proto-groups seem to be furthest along in their evolu-
tion and closest to merging. We use the true halo group
membership information available in the mock catalogs
as well as the FoF group membership to determine how
many of the small settled groups with crossing time
longer than the age of the Universe are true halo groups
and how many are the result of group finding errors. We
find that 36% of settled groups with crossing time larger
than the age of the Universe in the mock catalogs are
the result of group finding errors where FoF falsely joins
together two halo groups. This result from the mock
catalogs suggests that some of the small settled groups
in RESOLVE and ECO with very large crossing times
could actually contain multiple dark matter halos.
Figure 11: Comparison of Anderson-Darling test α
values for settled groups vs. bound multi-group sys-
tems with more than 5 member galaxies in ECO and
RESOLVE-B. The median α value for bound multi-
group systems is 0.42±0.04, while the median α value for
settled groups is 0.60±0.05 (uncertainties determined by
smoothed bootstrapping as in Wang 1995). The p-value
from a two-sample Kolmogorov-Smirnov Test is 0.013.
From this p-value, we conclude that the distributions
may be different at 2.5σ confidence.
Figure 12: Group crossing time for proto-groups and
small settled groups in ECO and RESOLVE-B, calcu-
lated using Equation 4. The p-value from a two-sample
Kolmogorov-Smirnov test is 1.6 × 10−12, reflecting the
much longer crossing times of proto-groups compared to
small settled groups.
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Figure 13: Comparison of the normalized large-scale
environmental density around proto-groups vs. small
settled groups in ECO. A two-sample Kolmogorov-
Smirnov Test gives a p-value of 0.69, indicating that
proto-groups and small settled groups reside in the same
environments.
4.2.4. Environmental Comparison of Proto-groups and
Small Settled Groups
To assess whether proto-groups could be groups in
the early stages of formation that will eventually evolve
into small settled groups, we compare the environments
in which the two types of groups are found in ECO.
Figure 13 shows a comparison of the normalized large-
scale environmental density between proto-groups and
small settled groups. We use the large-scale environ-
mental density metric that was applied to ECO in Stark
et al. (2016) following the method from Carollo et al.
(2013). The environmental density is calculated for a
group using the halo mass and area enclosed within a
circle with a radius of the projected distance from the
group to its third nearest neighbor group. The environ-
mental density is normalized to the median density of
groups in ECO. The distributions of environmental den-
sity for proto-groups and small settled groups are statis-
tically the same according to a two-sample Kolmogorov-
Smirnov test, meaning that proto-groups and small set-
tled groups exist in the same large-scale environments.
This could make an evolutionary connection between the
two types of groups possible.
4.3. Quantifying the Evolutionary State of
Proto-groups and Small Settled Groups
4.3.1. Gas Content Comparison
We look at the how the system integrated gas-to-
stellar mass ratios of proto-groups and small settled
groups change with system mass to assess whether merg-
ing into a single common halo affects the evolution of
overall gas content. Figure 14 shows a decrease in the
gas content of small settled groups and proto-groups up
to the 1012M limit built into our definition of these
systems (Section 3.1). Shock heating of halo gas is ex-
pected starting in halos above the gas-richness threshold
halo mass of 1011.5M (Kannappan et al. 2013). The de-
crease in the gas content of small settled groups, which
share a common dark matter halo, across the threshold
scale in Figure 14 is consistent with this expectation.
Although proto-groups do not share a single common
halo, 77% of proto-groups in ECO and RESOLVE-B
with system mass above the threshold mass scale contain
at least one FoF group that is itself above the thresh-
old mass scale, and so would experience halo gas heat-
ing, which may explain why the gas content of proto-
groups decreases over the threshold mass scale. Two-
sample Kolmogorov-Smirnov tests comparing the distri-
butions of gas content of proto-groups and small settled
groups in each mass bin show no statistical difference be-
tween the two distributions at any system mass. To test
whether the gas content of proto-groups may be system-
atically higher than small settled groups we performed
a linear fit to the gas content versus system mass rela-
tion for the combined sample of proto-groups and small
settled groups. We used the slope from the fit to calcu-
late the y-intercept for proto-groups and small settled
groups separately. We found that the y-intercepts for
proto-groups and small settled groups differed by less
than their uncertainties, and concluded that there is no
significant vertical offset between the two distributions.
Since Figure 12 demonstrates that the crossing times
of proto-groups and small settled groups differ very sig-
nificantly, we also test whether the gas content of proto-
groups differ from small settled groups as a function of
crossing time, shown in Figure 15. The crossing times of
proto-groups and small settled groups overlap in three
crossing time bins. Two-sample Kolmogorov-Smirnov
tests show that the gas contents of small settled groups
are higher than the gas contents of proto-groups at 2.2σ,
3σ, and 2.5σ confidence in the three crossing time bins
containing both proto-groups and small settled groups.
This result suggests that as proto-groups virialize and
settle into a common halo the gas content of the group
may increase.
Figure 16 shows a bivariate analysis of system mass
versus crossing time with contours showing groups gas
content in two-dimensional bins for proto-groups and
small settled groups. The analysis for small settled
groups shows that the small settled groups with the
highest gas content mostly have low halo mass and low
crossing times. The small settled groups with the lowest
gas content also have low crossing times, but have high
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Figure 14: System integrated gas-to-stellar mass ra-
tio vs. system mass for proto-groups and small settled
groups in ECO and RESOLVE-B. In each system mass
bin we plot the median and uncertainty in the median
(as determined by smoothed bootstrapping). We also
show the natural ±1σ spread in group gas content as
shaded/hatched regions. The bin center system masses
of small settled groups are offset 0.03 dex towards lower
system mass to allow for easier visual comparison with
proto-groups.
Figure 15: System integrated gas-to-stellar mass ra-
tio vs. crossing time for proto-groups and small settled
groups in ECO and RESOLVE-B. In each crossing time
bin we plot the median and uncertainty in the median
(as determined by smoothed bootstrapping). We also
show the natural ±1σ spread in group gas content as
shaded/hatched regions.
halo mass. Proto-groups with high gas content are con-
centrated at low system mass, while proto-groups with
low gas content are concentrated at high system mass.
4.3.2. Color Gap Comparison
The u-r “color gap” of a group or system is the differ-
ence in u-r color between the central (brightest galaxy
in the group in the r -band) and the brightest satellite
(Eckert et al. 2017). The color gap of a group or system
reflects the degree of quenching that the system has ex-
perienced. Since halo gas heating begins at the center
of a halo at the gas-richness threshold halo mass scale,
the central galaxy in a group is expected to quench be-
fore the satellites. A large color gap indicates that the
central galaxy has quenched while the satellite has not
yet. A small color gap can either indicate that none
or all of the galaxies in a group have quenched. Fig-
ure 17 shows a comparison of color gap in proto-groups
and small settled groups binned by system mass. Since
proto-groups and small settled groups by definition have
system masses below the bimodality scale and thus their
halo gas is not predicted to have heated out to the virial
radius yet, we do not expect them to be fully quenched.
We see an increase in color gap in small settled groups
across the threshold mass scale as the central galaxy in
the group begins to quench. Proto-groups do not show a
clear trend in color gap with system mass, although two-
sample Kolmogorov-Smirnov tests comparing the distri-
butions of color gap for proto-groups and small settled
groups do not show a statistically significant difference
above 2σ confidence between the distributions in any
system mass bin.
We compare the u-r color gap of proto-groups and
small settled groups as a function of crossing time in Fig-
ure 18. We find that in the crossing time bins containing
both proto-groups and small settled groups, two-sample
Kolmogorov-Smirnov tests show no difference between
the distributions of color gap for proto-groups and small
settled groups above 2σ significance. We conclude that
the color gaps of proto-groups and small settled groups
are similar as a function of both system mass and cross-
ing time, suggesting that the act of settling into a com-
mon halo does not significantly affect the progress of
quenching in small groups.
4.4. Local Group Analogues
We identify Local Group analogues in RESOLVE and
ECO using the criteria described in Section 3. In RE-
SOLVE and ECO, LG analogues make up about 13% of
all multiple-member galaxy systems, and about 8% of all
galaxies are members of a LG analogue. LG analogues
are a mix of high-mass proto-groups and low-mass large
bound multi-group systems, as shown in Table 3. The
combined halo masses of the MW and M31 analogues
vary between log(Mh/M) = 11.8−12.5. Each LG ana-
logue consists of the giant MW and M31 analogues, as
well as any satellites in their FoF groups. Examples of
how some LG analogues in RESOLVE appear on the sky
are shown in Figure 19.
Crossing Time:
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Figure 16: System mass vs. crossing time with contours showing group integrated gas-to-stellar mass ratio for
proto-groups and small settled groups.
Figure 17: Color gap vs. system mass for proto-groups
and small settled groups in ECO and RESOLVE-B. In
each system mass bin we plot the median and uncer-
tainty in the median (as determined by smoothed boot-
strapping). We also show the natural ±1σ spread in
color gap as shaded/hatched regions. The bin center
system masses of small settled groups are offset 0.03
dex towards lower system mass to allow for easier visual
comparison with proto-groups.
RESOLVE ECO
Number of LG Analogues 32 229
% of LG Analogues that are
Proto-groups
16% 84%




Table 3: Overview statistics for LG analogues in RE-
SOLVE and ECO.
Figure 18: Color gap vs. crossing time for proto-groups
and small settled groups in ECO and RESOLVE-B. In
each crossing time bin we plot the median and uncer-
tainty in the median (as determined by smoothed boot-
strapping). We also show the natural ±1σ spread in
color gap as shaded/hatched regions. The bin center
crossing times of small settled groups are offset slightly
towards lower crossing time to allow for easier visual
comparison with proto-groups.
We compare group crossing times of Local Group ana-
logues to the crossing times of a control sample of non-
LG-analogue bound multi-group systems with matched
total system mass 1011.8 − 1012.5M to assess relative
virialization state. Figure 20 shows that the crossing
times of LG analogues are more concentrated at low
crossing time (thus, more virialized) than the control
sample. The median crossing time for LG analogues is
about 3 times shorter (4.2 Gyr for LG analogues vs. 13
Gyr for the control sample). 84% of LG analogues have
crossing times less than the age of the Universe. For
reference in comparing timescales, we note that Cox &
Loeb (2008) estimate with simulations that the Milky
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Figure 19: Nine on-sky projected examples of Local Group analogues in RESOLVE. The MW analogue is shown
in blue and the M31 analogue is shown in green. The points represent the locations of the galaxies and the circles
represent the extent of the virial radii of the FoF groups. The red scale bar shows 1 Mpc projected onto the sky.
Way and Andromeda will make their first close passage
in 2.8 Gyr and merge in 5.4 Gyr, so the crossing times of
1-10 Gyr we find for most LG analogues are consistent
with predictions for the real Local Group.
Environments:
We compare the large-scale environment around LG
analogues to the large-scale environment around non-
LG-analogue bound multi-group systems with matched
total system mass in Figure 21. LG analogues are more
commonly found in less dense environments than other
bound multi-group systems of similar mass. This result
may reflect the isolation criteria that we use to identify
LG analogues.
Halo Overlap:
Following the method described in Section 4.2.1, we
calculate the fraction of all Local Group analogues in
which the virial radii of the MW and M31 analogue
FoF groups overlap, and we compare to the fraction
of mass-matched non-LG analogue bound multi-group
systems containing FoF groups whose virial radii over-
lap. We find that in RESOLVE-B and ECO, 14% of LG
analogues contain overlapping virial radii, and 13% of
bound multi-group systems in the control sample con-
tain overlapping virial radii. The frequencies of overlap-
ping virial radii in the LG analogue and mass-matched
control samples are smaller than the frequency in all
bound multi-group systems of 18% in RESOLVE and
22% in ECO from Section 4.2.1. This difference is be-
cause bound multi-group systems with system masses
higher than the range allowed for LG analogues contain
FoF groups with larger virial radii, and are more likely
to contain overlapping halos.
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Figure 20: Group crossing times for Local Group ana-
logues and for a mass-matched control sample of non-
LG-analogue bound multi-group systems in ECO and
RESOLVE-B. Smaller group crossing times are indica-
tive of more virialized groups. The p-value from a two-
sample Kolmogorov-Smirnov test is 3.3×10−15, showing
that LG analogues are more virialized at very high con-
fidence.
Figure 21: Large-scale environment (as in section
4.2.4) around Local Group analogues and around non-
LG analogue bound multi-group systems with similar
system mass in ECO. The p-value from a two-sample
Kolmogorov-Smirnov test is 3 × 10−3, indicating that
LG analogues occupy less dense environments at 3σ con-
fidence.
Gas Content:
We compare the system integrated gas-to-stellar mass
ratio of LG analogues and the mass-matched control
sample over the range of system mass spanned by LG
analogues. Figure 22 shows that for both LG analogues
and the control sample, gas content decreases with sys-
tem mass. Two-sample Kolmogorov-Smirnov tests com-
paring the distributions of gas-to-stellar mass ratio for
Figure 22: System integrated gas-to-stellar mass ra-
tio vs. system mass for LG analogues and the mass-
matched control sample of non-LG analogue bound
multi-group systems in ECO and RESOLVE-B. In each
system mass bin we plot the median and uncertainty in
the median (as determined by smoothed bootstrapping).
We also show the natural ±1σ spread in group gas con-
tent as shaded/hatched regions. The bin center system
masses of LG analogues are offset 0.03 dex towards lower
system mass to allow for easier visual comparison with
the control sample.
LG analogues and the control sample in each system
mass bin show no statistical differences between the dis-
tributions.
Figure 23 shows gas content vs. crossing time for
LG analogues and bound multi-group systems in the
mass-matched control sample. In the crossing time bins
containing both LG analogues and bound multi-group
systems in the control sample, two-sample Kolmogorov-
Smirnov tests comparing the distributions of gas content
of LG analogues and the control sample show no signif-
icant difference in any crossing time bin. We conclude
that the gas contents of LG analogues are very similar
to the gas contents of other bound multi-group systems
with similar mass.
Color Gap:
We calculate the color gap, as in Section 4.3.2, of
LG analogues and the mass-matched control sample and
compare the color gaps of the two types of systems over
the range of system mass spanned by LG analogues. We
find that the color gaps of LG analogues increase with
system mass, whereas the color gaps of systems in the
control sample decrease with system mass. The color
gaps of LG analogues and systems in the control sample
are statistically similar at higher system mass. Below
the bimodality scale at a system mass of 1012 M, the
distributions of color gap for LG analogues and groups
in the mass-matched control sample differ by more than
3σ.
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Figure 23: System integrated gas-to-stellar mass ra-
tio vs. crossing time for LG analogues and the mass-
matched control sample of non-LG analogue bound
multi-group systems in ECO and RESOLVE-B. In each
crossing time bin we plot the median and uncertainty in
the median (as determined by smoothed bootstrapping).
We also show the natural ±1σ spread in group gas con-
tent as shaded/hatched regions. The bin center crossing
times of LG analogues are offset slightly towards lower
crossing time to allow for easier visual comparison with
the control sample.
Figure 24: Color gap (as in Section 4.3.2) vs. sys-
tem mass for LG analogues and the mass-matched con-
trol sample of non-LG analogue bound multi-group sys-
tems in ECO and RESOLVE-B. In each system mass
bin we plot the median and uncertainty in the median
(as determined by smoothed bootstrapping). We also
show the natural ±1σ spread in group color gap as
shaded/hatched regions. The bin center system masses
of LG analogues are offset 0.03 dex towards lower sys-
tem mass to allow for easier visual comparison with the
control sample.
Figure 25 shows u-r color gap vs. crossing time for LG
analogues and bound multi-group systems in the mass-
matched control sample. The color gap of bound multi-
group systems in the control sample mostly increases
with crossing time (except in the longest crossing time
bin). LG analogues show no clear trend in color gap
Figure 25: Color gap (as in Section 4.3.2) vs. cross-
ing time for LG analogues and the mass-matched con-
trol sample of non-LG analogue bound multi-group sys-
tems in ECO and RESOLVE-B. In each crossing time
bin we plot the median and uncertainty in the median
(as determined by smoothed bootstrapping). We also
show the natural ±1σ spread in group color gap as
shaded/hatched regions. The bin center crossing times
of LG analogues are offset slightly towards lower cross-
ing time to allow for easier visual comparison with the
control sample.
with crossing time. Two-sample Kolmogorov-Smirnov
tests show no difference in the color gaps of LG ana-
logues and bound multi-group systems in the control
sample above 2σ significance in crossing time bins con-
taining both types of systems. Although the color gaps
of LG analogues differ from the color gaps of bound
multi-group systems in the control sample at low sys-
tem mass, the color gaps of the two types of systems do
not differ significantly at fixed virialization state.
To better understand the differences in color gap be-
tween LG analogues and bound multi-group systems in
the control sample, we compare distributions of the u-
r colors of galaxies in LG analogues and bound multi-
group systems in the control sample in each system mass
bin used in Figure 24. These color distributions are
shown in Figure 26. The bimodality in these distribu-
tions shows the blue and red sequences of galaxies. The
color gaps of LG analogues differed most from the color
gaps in the control sample in the two lowest system mass
bins. Looking at the color distributions in these two
bins, we see that in the control sample there are simi-
lar numbers of galaxies in the red and blue sequences,
whereas for LG analogues one peak is much higher than
the other (more blue galaxies in the lowest mass bin and
more red galaxies in the second mass bin). These differ-
ences in the color distributions at low system mass lead
to the differences in color gaps seen in Figure 24. The
implications of these results for the evolutionary states
of LG analogues remains an open question.
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Figure 26: Distributions of u-r color for galaxies in both LG analogues and bound multi-group systems in the mass-
matched control sample. Color distributions are broken into the same system mass bins used in Figure 24. Each
distribution contains all of the galaxies that are members of systems that fall in the specified system mass range.
5. DISCUSSION
We compare our bound multi-group systems to the
galaxy “associations” identified by Kourkchi & Tully
(2017). Galaxy associations are systems that have de-
coupled from cosmic expansion, defined by the “surface
of zero velocity” bounding a region that will eventually
collapse. These associations are defined as containing
all of the galaxies within the “first turnaround radius”
(r1t) which is a system mass-dependent radius that ap-
proximates the three-dimensional radius of the spheri-
cal surface of zero velocity. These galaxy associations,
just like the bound multi-group systems that we iden-
tify, represent groups in the early stages of formation
that have not yet collapsed into a settled group, but the
method Kourkchi & Tully (2017) use to identify galaxy
associations is complementary to the boundness method
we use. Their method starts with a catalog of galaxies
but does not use a group finder like FoF. Instead, they
start with the most luminous galaxy in their sample and
calculate the virial mass and first turnaround radius for
that galaxy. They then add all galaxies within the first
turnaround radius to the association and recalculate the
mass and first turnaround radius for the association be-
fore adding galaxies within the new r1t. This process
continues until no new galaxies are added when r1t is
recomputed, at which point they move on to the next
most luminous galaxy that is not already part of an asso-
ciation — and so on until every galaxy in the survey has
been considered for membership in an association. Since
membership in associations is dictated by whether the
distance from the association center to a galaxy is less
than the first turnaround radius of the association, the
radius of a galaxy association is physically meaningful.
We compare the system radii of our bound multi-
group systems to the mass-dependent first turnaround
radii calculated by Kourkchi & Tully (2017) to de-
termine whether most of our bound multi-group sys-
tems are likely decoupled from cosmic expansion. The
catalog of galaxy associations from Kourkchi & Tully
(2017) is publically available online, and includes the
system mass and corresponding first turnaround radius
of each galaxy association. The system radius of a bound
multi-group system is the projection effect-corrected dis-
tance from the system center to the outermost galaxy in
the bound multi-group systems. Figure 27 shows that
bound multi-group system radii are grouped around the
first turnaround radius for the system mass spanned by
ECO and RESOLVE-B. About 84% of bound multi-
group systems with system mass above 1012.5 Mare
contained within the first turnaround radius, and so are
assumed to be decoupled from cosmic expansion. About
97.5% of bound multi-group systems with system mass
above 1012.5 Mare contained within two times the first
turnaround radius. At lower system mass the median
bound multi-group system radius is close to the first
turnaround radius, meaning that about half of all bound
multi-group systems with system mass less than about
1012.5 Mlie outside of the first turnaround radius as
calculated by Kourkchi & Tully (2017). About 97.5% of
bound multi-group systems with system mass less than
about 1012.5 Mare contained within four times the first
turnaround radius.
We found in Figure 12 that many proto-groups have
crossing times much greater than the age of the Uni-
verse, meaning that no interaction would be expected
between galaxies in these proto-groups in a meaningful
length of time and these groups may not be contained
within the first turnaround radius. We removed bound
multi-group systems with crossing times greater than
the age of the Universe from our comparison in Figure
27, shown in blue, and we see that for these crossing-
time-limited bound multi-group systems the median sys-
tem radius does stay within in the first turnaround ra-
dius for all system masses, indicating somewhat better
agreement with Kourkchi & Tully (2017).
There are several possibilities for why we see so many
bound multi-group systems with system mass less than
about 1012.5 Mthat extend beyond the first turnaround
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radius. Firstly, the boundness method does not take
cosmic expansion into account when determining the
relative velocity between groups, which could lead to
our method overestimating the number of groups that
are classified as gravitationally bound. There are also
several factors that suggest uncertainty in the relation
between system mass and first turnaround radius as cal-
culated by Kourkchi & Tully (2017).
Kourkchi & Tully (2017) calculate the first turnaround
radius from the total virial mass of the association us-
ing a relation found in Tully (2015). Because the first
turnaround radius is very hard to determine observa-
tionally, Tully (2015) fit the relation between an associ-
ation’s virial mass and its first turnaround radius using
only three associations. Additionally, the lowest mass
association that was used in the fit is the Local Associ-
ation (what we call the Local Group). The reason that
many of our low system mass bound multi-group sys-
tems extend past the first turnaround radius may be
due to uncertainty in the fit performed by Tully (2015),
since very few associations were used in the fit for the
first turnaround radius, and none of the associations has
system mass below ∼ 1012 M.
Tully (2015) calculate the ratio of the first turnaround
radius of associations to the “second turnaround ra-
dius” of groups (r2t, very similar to the virial radius) at
fixed system mass using empirical fits. They compare
the ratio they calculate (r1t/r2t = 3.14) to the theo-
retically predicted ratio, which depends on the matter
density of the Universe, Ωm. They find that their cal-
culated ratio implies a matter density of Ωm = 0.15,
lower than the commonly accepted Ωm = 0.3, and they
state that their empirical r1t/r2t ratio has large uncer-
tainty. A larger ratio of r1t/r2t corresponds to a larger
value of Ωm, so it seems likely that the value of r1t/r2t
from Tully (2015) is underestimated. This is consistent
with the first turnaround radius being underestimated in
(Kourkchi & Tully 2017), which would mean that more
bound multi-group systems are truly contained within
the first turnaround radius than are shown in Figure 27.
We compare the prevalence of bound multi-group sys-
tems whose constituent groups have overlapping virial
radii to the prevalence of potentially merging groups
identified in Tempel et al. (2017). Tempel et al. (2017)
define potentially merging groups as nearby groups with
on-sky projected separation is less than the sum of the
groups’ radii. Tempel et al. (2017) find 498 potentially
merging groups out of 88,662 galaxy groups with at least
two members in the SDSS main region, representing
0.6%. We find 116 groups with potentially interacting
halos out of 4170 groups with two or more members in
ECO, or about 2.8% (note that the smaller fraction of in-
teracting halos here compared to Section 4.2.1 is because
we exclude N = 1 groups here to match the method
used in Tempel et al. 2017). One possible reason for our
higher fraction of potentially interacting halos compared
to Tempel et al. (2017) is our use of a volume-limited
survey. Tempel et al. (2017) used the main region of
SDSS, which is a flux-limited sample, and they observe
that the frequency of merging groups varies with the
groups’ redshift (their Figure 1), with a higher frequency
of merging groups found at lower redshift. Thus, their
overall prevalence of 0.6% is likely artificially low be-
cause potentially merging groups are being missed at
higher redshift in their flux-limited sample.
Leong & Saslaw (2004) examine the prevalence of
groups like the Local Group whose low masses do not
strongly perturb the Hubble flow beyond a radius of
about 1.5 Mpc. They use a statistical mechanical ap-
proach to calculate the probability that a random con-
figuration of N galaxies will be gravitationally bound.
They find that at least 10% of galaxies should belong
to a small gravitationally-bound group like the Local
Group. We compare this prediction to the frequency
of LG analogues we observe in our real data. In ECO,
8% of galaxies belong to a LG analogue, slightly less
than the prediction by Leong & Saslaw (2004). How-
ever, Leong & Saslaw (2004) define their LG analogues
as gravitationally bound systems with mass and separa-
tion similar to the LG and do not consider whether the
system is isolated from nearby massive galaxies. Drop-
ping the isolation constraint in our own LG analogue
search to more closely match the criteria used in Leong
& Saslaw (2004), we find that 15% of galaxies in ECO
are members of bound multi-group systems with two
giant galaxies that match the mass and separation con-
straints of the Local Group analogues, in agreement with
the prediction of Leong & Saslaw (2004).
6. CONCLUSIONS
In this work, we present a new method that finds
groups in early formation stages by testing for gravi-
tational boundness between neighboring settled galaxy
groups (groups that share a common dark matter halo,
including N = 1 groups). We test for gravitational
boundness between settled groups by comparing the
escape velocity from one group at the location of the
other to the relative velocity between the groups. We
use mock catalogs of simulated 3D data to correct for
projection effects in our calculations of escape veloci-
ties and relative velocities between groups. The bound-
ness method is optimized for use in complete, volume-
and absolute magnitude-limited samples, utilizing halo
abundance matching to estimate halo mass from group-
22
Figure 27: System radius vs. system mass for galaxy associations from Kourkchi & Tully (2017) and bound multi-
group systems identified with the boundness method. For galaxy associations, the system radius is the first turnaround
radius, or r1t calculated from system mass by Kourkchi & Tully (2017) and made publically available online. For
bound multi-group systems, the system radius is the projection effect-corrected distance from the system center to
the outermost galaxy in the bound multi-group system. The 50th, 84th, and 97.5th percentile system radius in each
system mass bin is plotted for all bound multi-group systems in ECO in black, and for all bound multi-group systems
with crossing time less than the age of the Universe in blue.
integrated luminosity. We use our boundness method to
identify bound multi-group systems in RESOLVE and
ECO, two volume-limited surveys of the local Universe.
We use the bimodality mass scale of 1012 Mto catego-
rize groups and bound-multi-group systems by system
mass. The bimodality scale is the halo mass at which
halo gas is heated out to the virial radius of a group,
preventing cold flows of gas that would otherwise fuel
star formation from reaching the galaxy. Shock heating
of halo gas begins at the center of a halo at the gas-
richness threshhold halo mass scale of 1011.5M, which
we define as the dwarf-giant divide (Dekel & Birnboim
2006; Kannappan et al. 2013). We use the method de-
scribed in Section 3 to identify Local Group analogues
in RESOLVE, ECO, and the mock catalogs.
• Testing for gravitational boundness reduces the
number of N = 1 groups and increases the
number of multiple galaxy systems in RESOLVE
and ECO. There is a corresponding decrease in
the number of low mass systems (Msystem <
1011.5M) and an increase in giant systems (Fig-
ure 9). Approximately 20% of all galaxies in ECO
are members of a bound multi-group system.
• We identify 32 Local Group (LG) analogues in RE-
SOLVE and 229 in ECO, comprising about 13% of
all multiple-member galaxy systems. About 8% of
all galaxies in RESOLVE and ECO belong to a LG
analogue.
• We find evidence that confirms that the bound-
ness method succeeds at finding groups in the early
stages of formation.
1. We find that 18% of bound multi-group sys-
tems in RESOLVE and 22% in ECO contain
FoF groups with overlapping virial radii, sug-
gesting that the halos may be interacting.
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2. Tests of virialization state indicate that
bound multi-group systems are less virialized
than settled groups (Figures 11 and 12).
3. Proto-groups (bound multi-group systems
with system mass below the bimodality scale)
and small settled groups (settled groups with
halo mass below the bimodality scale) are
found in the same large-scale environments
(Figure 13), possibly making an evolutionary
connection between the two types of groups
possible.
• Using mock catalogs, we assess the purity and
completeness of our bound multi-group systems
and LG analogues, and test how effectively the
boundness method identifies LG analogues.
1. We find high completeness (90%) and high
purity (86%) of bound multi-group systems
identified with 2D data compared to the true
bound multi-group systems identified with
3D data.
2. We find high completeness (89%) but lower
purity (73%) of LG analogues identified with
2D data compared to the true LG analogues
identified with 3D data.
3. The boundness method applied to the mock
catalogs using 2D data identifies 97% of true
LG analogues (identified using 3D data) as
part of a common bound multi-group sys-
tem, confirming that the boundness method
succeeds in identifying groups like the Local
Group.
• We use gas content and “color gap” (the differ-
ence in u-r color between the brightest and second
brightest galaxy in a system) to compare the evo-
lutionary states of different groups and systems as
a function of system mass and crossing time.
1. We find no statistically significant difference
in the distributions of gas content or color gap
for proto-groups and small settled groups as a
function of system mass (Figures 14 and 17).
Small settled groups have higher gas con-
tent than proto-groups at fixed group cross-
ing time at 2-3σ confidence (Figure 15).
2. We find no statistically significant difference
in the distributions of gas content for LG
analogues and a mass-matched control sam-
ple of bound multi-group systems (Figures 22
and 23). The color gaps of LG analogues are
smaller than those of systems in the control
sample at more than 3σ significance below a
system mass of 1012 M(Figure 24).
• LG analogues are among the most virialized bound
multi-group systems according to a comparison of
crossing times with systems in a mass-matched
control sample (Figure 20). LG analogues contain
FoF groups with overlapping halos at about the
same frequency as systems in the mass-matched
control sample.
• LG analogues are more commonly found in less
dense large-scale environments than systems in the
mass-matched control sample (Figure 21).
• The fraction of galaxies in ECO that belong to
a LG analogue agrees with predictions made by
Leong & Saslaw (2004) when the same set of cri-
teria they used in simulations are adopted in ECO.
• Most bound multi-group systems with system
mass above about 1012.5 Mare decoupled from
cosmic expansion according to the method from
Kourkchi & Tully (2017). Many lower mass bound
multi-group systems are not decoupled from cos-
mic expansion according this method, possibly be-
cause the method is calibrated using only three
systems, all with high system mass.
• Our volume-limited analysis reveals a higher frac-
tion of potentially merging groups by a factor of
4.5 than compared to the flux-limited analysis of
Tempel et al. (2017).
Expanding our inventory of multi-galaxy systems to
include bound multi-group systems as well as settled
groups will allow us to study how galaxy groups form
and evolve and what role merging into a common dark
matter halo may play, e.g. due to shock heating of halo
gas at critical mass scales.
In this paper, we have taken the first steps by apply-
ing our boundness and Local Group analogue criteria to
surveys in the local Universe. In ECO, 7% of galaxies
that reside in their own halo (and thus their own settled
group) are actually bound in a proto-group, and 8% of
all galaxies in ECO are members of a LG analogue. This
work sets the stage for further comparative analysis of
galaxy evolution across these new environmental cate-
gories as well as cosmic time.
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